Abstract. A population genetic analysis of Aedes aegypti was conducted among 38 collections from throughout coastal regions of Mexico. Multiple collections were made within 5 cities to examine local patterns of gene flow. Single-strand conformation polymorphism analysis was used to screen for variation in a 387-bp region of the Nicotinamide Adenine Dinucleotide Dehydrogenase subunit 4 mitochondrial gene (ND4) and 25 haplotypes were detected. Northeastern Mexico collections were genetically differentiated from and had lower genetic diversity than Yucatan and Pacific coastal collections. Yucatan and Pacific collections were genetically homogeneous. Regression analysis of geographic distances and F ST values indicated that collections were genetically isolated by distance in the Pacific and the Yucatan, but not among collections in the northeast. Free gene flow occurred among all collections within 130 km of one another in the northeast and within 180 km in the Yucatan. F ST values were never large among Pacific collections, suggesting extensive gene flow along the Pacific coast.
INTRODUCTION
The mosquito Aedes aegypti is the primary urban vector of dengue (DEN) and yellow fever flaviviruses. Understanding the dispersal patterns of this mosquito is important for the development of effective control strategies and predicting DEN and yellow fever outbreaks. Ae. aegypti dispersal occurs through adult flight 1 and through transport of eggs, larvae, and adults in discarded bottles, cans, appliances, tires, and cargo containers along commercial routes. 2 Control strategies for Ae. aegypti during urban outbreaks of DEN or yellow fever assume that mosquitoes have a lifetime flight range of 50-100 m, and this belief has dictated focal applications of insecticides to disrupt vector-borne transmission of disease. 3 Early population genetic studies defined genetic relationships throughout the world's range of Ae. aegypti, [4] [5] [6] [7] [8] [9] whereas more recent studies have focused on local patterns of dispersal. 8, 10, 11 We recently showed by means of random amplified polymorphic DNA (RAPD) markers that collections in northeastern Mexico are genetically isolated by distance 12 but are genetically homogeneous within a range of 90-250 km. This pattern suggested that gene flow among populations decreases with increasing geographic distances, but that within ϳ 250 km, mosquitoes exchange genes continuously. Similar but statistically insignificant patterns were seen when we used a mitochondrial DNA (mtDNA) marker.
In the present study, we have expanded our analysis of Ae. aegypti breeding structure in Mexico to include 38 locations distributed throughout most of the areas in Mexico where Ae. aegypti is endemic. The distribution of Ae. aegypti in Mexico is limited to elevations Ͻ 610 m (Ͻ 2,000 feet) above sea level. 13 These areas are indicated in Figure 1 . All collections were made in the shaded regions. Multiple collections were made from the cities of Monterrey, Merida, Chetumal, Cancun, and Tapachula. This design allowed us to analyze gene flow at 2 levels: among collections within a city and among cities. As in our earlier study, we examine genetic similarity among collections, test for isolation by distance and report the effective migration rate (Nm) (the number of migrating reproductive individuals among populations) and the variance effective population size (N e ) (the harmonic average of a successfully reproducing adult population over a unit area) for each of the 38 collections.
We did not use RAPD markers in the present study because we observed 12 that at distances Ͼ 150-200 km, it became difficult to compare distant populations. The RAPD bands either became fixed or extinct among distant populations. However, we continue analysis of the same mtDNA region as examined earlier. 12 Following earlier studies in our laboratory, 14 we use single-strand conformation polymorphism (SSCP) analysis 15, 16 as a quick, sensitive, and inexpensive means to screen for variation among mitochondrial genes amplified from individual mosquitoes. Intrastrand interactions during SSCP analysis are highly sensitive to the primary sequence of the molecule. 15 In an extensive study of the sensitivity of the technique, SSCP detected 99% of point mutations in DNA molecules 100-300 bp in length and 89% of mutations in molecules of 300-450 bp in length. 17 Most (95-100%) of point mutations in genes Ͻ 700 bp were detected by SSCP. 18 In the present study, we sequenced at least 2 copies of all novel SSCP haplotypes to test the sensitivity and reproducibility of the SSCP technique and to gather data with which to assess phylogenetic relationships among haplotypes.
MATERIALS AND METHODS
Mosquito collection and genetic analyses. The locations of Ae. aegypti collections are listed in Table 1 , as are the number of larvae analyzed in each collection. The geographic locations of all sampling sites appear in Figure 1 . Mosquito larvae were hatched and reared to adults in the laboratory. Adults were individually examined to confirm that they were Ae. aegypti and then were stored at Ϫ70ЊC awaiting analysis. DNA was obtained from individual mosquitoes. 12 Primers used to amplify the Nicotinamide Adenine Dinucleotide Dehydrogenase subunit 4 mitochondrial gene (ND4) and all the polymerase chain reaction and electrophoresis conditions are as reported earlier. 12 Haplotypes were assigned numbers according to the order of their discovery. The ND4 polymerase chain reaction products from 56 individuals representing each of the 25 haplotypes were sequenced at least once along both strands on an ABI sequencer (Davis Sequencing, Davis, California). Phylogenetic relationships among haplotypes were estimated as described earlier. 12 Statistical analysis of mitochondrial haplotype frequencies. Variation in haplotype frequencies within and among cities and regions was examined by means of analysis of molecular variance (AMOVA). 19 19 For each collection, the nucleotide sequence and the frequency of each haplotype were also entered into DnaSP. 21 We estimated the number of polymorphic sites, the average number of nucleotide differences (k) among individuals in a collection 22 the nucleotide diversity ( 1 ) 23 and the nucleotide diversity with Jukes and Cantor correction ( 2 ). 23 Effective migration rates (Nm) were estimated from F ST . 23 F ST (1 Ϫ F ST ) were used to construct a dendrogram among all collections by means of unweighted pair-group method with arithmetic averaging analysis 24 in the NEIGHBOR procedure in PHYLIP3.5C. 25 Geographic distances were obtained by Geographic Information Systems on Datum WGS 84 projection (Environmental Systems Research Institute, Redlands, CA). Linearized F ST values were regressed on the natural logarithm of pairwise geographic distances among populations to determine if geographic distance among populations serves as a barrier to gene flow. 20 The Mantel test 26 was performed by MANTEL (available from the corresponding author). The reciprocal of the slope estimated by this regression provides an estimate of the average effective population size. 27 
RESULTS
Mitochondrial haplotype detection and phylogenetic analysis. The ND4 gene was amplified and surveyed for variation by SSCP among 1,977 mosquitoes. A total of 25 different ND4 haplotypes were detected with SSCP ( Figure  2 ). The ND4 gene was sequenced in 56 individual mosquitoes. Sequences of mosquitoes with identical SSCP patterns were identical within each haplotype, and SSCP patterns differed among individuals with even slight sequence differences. For example, haplotypes 1 and 2 differed by a single C↔ T transition and differed in the mobility of the denatured single strand band. Haplotypes 21 and 23 differed by a C↔ T transition and 2 transversions (A↔ C, A↔ T). This supports our earlier report 12 that the SSCP technique is specific and reproducible in identifying single nucleotide substitutions in the ND4 gene in Ae. aegypti. The sequences of all 25 novel haplotypes are available in GenBank (accession numbers AF334841-AF334865). The frequencies of each haplotype in a collection are available from the corresponding author.
The 25 haplotypes were manually aligned on the basis of codons with the homologous regions of Anopheles gambiae and An. quadrimaculatus, and no gaps were required for optimal alignment. Our earlier phylogenetic analysis only involved the first 7 haplotypes and estimated that they arose as 2 separate clades, one containing haplotypes 1, 2, and 6 and the other containing haplotypes 3, 4, 5, and 7 ( Figure  3 ). 12 In contrast, the current phylogenetic analysis ( Culiacan, Tucson, Moloacan/Minatitlan, and Nuevo Laredo all appear to be distantly related to one another and to the other collections. Tucson is geographically the most distant of all of our collections. Moloacan and Minatitlan are in close geographic proximity to one another but are also in proximity to Villahermosa. However, they are genetically distant from Villahermosa mosquitoes. The extreme genetic isolation of Nuevo Laredo was reported for both RAPD and mtDNA markers in our earlier study. 12 Genetic isolation by distance. Pairwise linearized F ST values were regressed against the natural logarithm of the pairwise geographic distances among collections ( Figure 3 , Table 2 ) to determine if gene flow among collections is correlated with geographic distance (i.e., to test for isolation by distance). This analysis indicated a significant correlation between genetic and geographic distances among collections from the Yucatan and the Pacific but no correlation was detected among collections from northeast Mexico ( Table 2) .
Genetic distances remained small below geographic distances of 90 (ϳ e 4.5 ) km and became large at distances Ͼ 150 (ϳ e 5.0 ) km (Figure 3 ). In contrast, linearized F ST estimates only gradually increased and never became large The average effective population (N e ) size was 16 mosquitoes/km over the entire collection area (Table 2) . N e was the lowest in the northeast (10 mosquitoes/km) and greatest in the Pacific (22 mosquitoes/km).
Haplotype diversity. Collections from the northeast consistently had a lower average number of haplotype differences among individuals (k) and fewer polymorphic sites than collections from the Yucatan and along the Pacific coast (Table 3, Figure 6 ). Pacific and Yucatan collections had similar number of polymorphic sites, but Pacific collections consistently had greater k values. Thus, mosquitoes in the Pacific collections not only had the greatest number of mtDNA haplotypes, but the sequences within these haplotypes were more diverse than in the other locations.
Nested analysis of haplotype frequencies. Haplotype frequencies were compared among collections within cities and among cities by AMOVA. 19 This partitioning was done among 1) all collections, 2) between northeastern collections and the remaining collections, 3) between the Yucatan and Pacific collections, and within 4) Pacific, 5) Yucatan, and 6) northeastern collections (Tables 4 and 5 ).
In the first AMOVA, among all collections, 72% of the variation in haplotype frequencies arose among individuals in a collection, whereas ϳ 22% of the variation arose among cities and only 6.5% arose among collections within cities (Table 2 ). In the second AMOVA, ϳ 15% of the variation was accounted for by differences between collections in the northeast as compared with those in the Yucatan and Pacific regions. There was as much variation among sites in either of the 2 regions (ϳ 15%) as there was between the 2 regions. Thus, both observations agree with the clustering patterns shown in Figure 5 . In the third AMOVA, only 5% of the variation was accounted for by differences between collections in the Yucatan as compared with those in the Pacific region. There was a great deal more variation (ϳ 15%) among collections within either of the 2 regions. This ob- servations also supports the lack of distinct clustering among Pacific and Yucatan collections ( Figure 5 ). Within the Pacific region (AMOVA 4), variation among collections within Tapachula only accounted for 2% of the overall variance, and differences among Pacific collections sites accounted for ϳ 12% of the overall variance. Within the Yucatan region (AMOVA 5), variation among collections within Merida, Chetumal, and Cancun accounted for ϳ 9% of the overall variance, almost as much as occurred among collections in the Yucatan (ϳ 10%). Within the northeast region (AMOVA 6), variation among collections within Monterrey only accounted for ϳ 4% of the overall variance, but differences among northeastern collection sites accounted for 16% of the overall variance. These patterns of variation within each region agree with the diversity analysis (Table 3, Figure 6 ). The greatest diversity occurred among mosquitoes within the Pacific collections (ϳ 85%), followed by the Yucatan (ϳ 81%), then the northeastern collections (ϳ 80%).
Effective migration rates (Nm). Estimating effective migration rates (Nm) from F ST assumes that populations fit the assumptions of Wright's island model. 28 A major assumption of this model is that migration rates are equal among all populations. Our regression analysis indicated that this assumption was false among collections from different cities in the Yucatan and Pacific but was valid within northeastern collections. Regression analysis was repeated among collections within cities. Genetic and geographic distances were independent (regression analyses available from the corresponding author). By use of Wright's F ST in the hierarchical analysis, Nm ranged 2.5-19.5 individuals (Table 5) within cities and averaged 12.7 among all collections in the northeast. Nm and N e (10 individuals, Table 2 ) are thus in close agreement.
DISCUSSION
The patterns of diversity identified in the present study suggest that gene flow among Ae. aegypti in Mexico varies by region. Gene flow is moderate among northeastern Mexico populations, and populations appear not to be strongly isolated by distance. Genetic diversity is low among northeastern Ae. aegypti. Gene flow is less and populations are isolated by distance in the Yucatan peninsula. Genetic diversity varies greatly among Yucatan sites. Gene flow is large and genetic diversity is high among Pacific coastal populations. Our earlier study was confined to collections from northeastern Mexico. 12 The same data, in addition to new data from collections in Houston and Miguel Aleman, were included in the present study. Mosquitoes in northeastern Mexico contained only 7 of the 25 haplotypes that we have so far detected. Furthermore, the average nucleotide diversity was lower among mosquitoes in these collections than in the Yucatan or Pacific collections. These observations are consistent with 2 hypotheses. Northeastern Mexico Ae. aegypti populations may be maintained by few individuals with repeated bottlenecks. Alternatively, northeastern populations may have been founded by fewer mosquitoes than populations along the Pacific or in the Yucatan. Arguing against the second hypothesis, there is a great deal of commerce and a number of large port cities in northeastern Mexico and the southeastern United States.
In support of the first hypothesis, northeastern Mexico is more arid than either the Pacific or Yucatan regions. Earlier population genetic studies also found large genetic distances between Ae. aegypti collections from the southeastern United States (including Houston) and northeastern Mexican (including Montemorelos near Monterrey, Ciudad Victoria, and Piedras Negras northwest of Nuevo Laredo). 4, 8 Furthermore, southeastern U.S. and Mexican collections arose on separate branches in a cluster analysis of allele frequencies. 2 These earlier studies did not extend into the Yucatan or along the Pacific coast. We have found strong evidence of genetic isolation of the northeastern Ae. aegypti populations from those in the Yucatan. Punta Villa Rica is the white area south of Tuxpan extending to the coast in Figure 1 . It is an area with elevations Ͼ 610 m, few roads, and little commerce. It is possible that Punta Villa Rica may limit north-south gene flow along the Atlantic coast.
Populations in northeastern Mexico in this study did not appear to be strongly genetically isolated by distance from one another. However, this does not contradict our earlier report of isolation by distance among these northeastern collections. 12 In that study, evidence of isolation by distance was detected by RAPD markers but not with mitochondrial markers. We explained that this discrepancy was probably due to high mutation rates in RAPD loci. We observed 12 that at distances Ͼ 150-200 km, it became difficult to compare populations because RAPD bands either became fixed or extinct among distant populations. This result is consistent with a hypothesis that frequent point mutations in primer annealing sites caused the independent gain or loss of RAPD bands in different populations. The likelihood of independent gain or loss increases as the distance among populations lengthens or the time because gene flow increases. Therefore, RAPDs can underestimate genetic distances and overestimate rates of gene flow.
Various extrinsic forces could disrupt genetic isolation by distance. With Ae. aegypti, human transportation of eggs, larvae, or adults in containers along commercial routes could cause geographically distant populations to become genetically similar. Arid environments or active mosquito abatement practices would cause populations to undergo genetic bottlenecks. Thus, populations in proximity could become genetically distinct. A hypothesis of frequent genetic drift is consistent with the reduced genetic variability among northeast collections. Either genetic drift or human commerce could be reducing genetic isolation by distance among northeastern Mexico populations.
Cluster analysis of collections from the 3 regions suggest that 2 Yucatan collections (Villahermosa and Campeche) were most similar to collections along the Pacific. Conversely, 2 Pacific collections (Ixtapa and Lazaro Cardenas) were most similar to Yucatan collections. All 4 collections have high genetic diversity (Figure 6 ), suggesting that they have not been subject to recent bottlenecks. These observations are consistent with the hypothesis of long distance east-west transport of the Ae. aegypti populations across the Yucatan peninsula via human commerce. But there is a region extending from the Atlantic to the Pacific coasts in the Yucatan Peninsula that never exceeds 610 m (Figure 1) . Thus, additional gene flow via flight also remains a possibility. We are in the process of analyzing geographic distances among these populations, correcting for distances along roads connecting the sites, as well as estimating the relative amount of commerce along routes connecting these various sites.
Cluster analysis of collections also revealed the existence of a number of genetically distinct populations. These included the following: Nuevo Laredo, Houston and Miguel Aleman from northeast Mexico, Moloacan and Minatitlan from the Yucatan, and Culiacan and Tucson along the Pacific coast. Mosquitoes from Nuevo Laredo, Houston, and Moloacan all had low genetic variability ( Figure 6 ). This is con- sistent with a hypothesis that these populations were established by few mosquitoes. The genetic similarity of Houston and Miguel Aleman further suggests that mosquitoes in Houston may have been established through commerce from Miguel Aleman. Similarly, the genetic similarity of Moloacan and Minatitlan further suggests that Moloacan mosquitoes may have been established through commerce from Minatitlan. The fact that these are so genetically distinct from all other mosquitoes in this study also raises the possibility that these may represent an independent introduction through port cities in the Yucatan. The high genetic variability detected among mosquitoes in the Culiacan and Tucson collections argues against these being genetically distinct due to a founder effect. Instead, these may reflect a gradual change in haplotype frequencies along the north-south gradient of our Pacific collection sites. Genetic isolation by distance was pronounced (Figure 3 ), and genetic variability tended to be larger ( Figure 6 ) among collections in the Yucatan. It may be that human transport is reduced in the Yucatan and that a more humid, tropical environment may decrease genetic drift. Genetic isolation by distance was significant but without any large F ST values ( Figure 3 ) and genetic variability was consistently large among mosquitoes in Pacific collections ( Figure 6 ). We suggest that Ae. aegypti populations along the Pacific coast are genetically homogeneous due to human transport along the coast. As indicated in Figure 1 , there is a continuous distribution of sites with elevations Ͻ 610 m all along the Pacific In contrast to our first study, 12 phylogenetic analysis of the ND4 haplotypes indicated a single monophyletic lineage, with one lineage being basal to a second, distinct, well-supported lineage. The different phylogenetic patterns in the 2 studies are probably the result of inadequate sampling of haplotypes in our first study. It would be interesting to sample Ae. aegypti mtDNA haplotypes from throughout the world to determine if intermediate haplotypes could be detected and possibly to determine the most likely geographic origin of the basal lineages.
In general, these results have a number of implications for reduction of Ae. aegypti populations in Mexico. In all regions, under distances of 150 km, populations of Ae. aegypti can be expected to remain genetically uniform. This suggests that in the absence of local selection, genes affecting DEN susceptibility or insecticide resistance should remain uni- populations may shift in genetic composition either due to the introduction of foreign populations or due to genetic drift arising due to founders effects. It will be interesting to examine genes affecting DEN susceptibility or insecticide resistance in these populations to determine if loss or abrupt changes in genetic diversity affect these epidemiologically significant phenotypes.
